Cell-cycle progression is mediated by a coordinated interaction between cyclin-dependent kinases and their target proteins including the pRB and E2F͞DP-1 complexes. Immunoneutralization and antisense experiments have established that the abundance of cyclin D1, a regulatory subunit of the cyclin-dependent kinases, may be rate-limiting for G 1 phase progression of the cell cycle. Simian virus 40 (SV40) small tumor (t) antigen is capable of promoting G 1 phase progression and augments substantially the efficiency of SV40 transformation through several distinct domains. In these studies, small t antigen stimulated cyclin D1 promoter activity 7-fold, primarily through an AP-1 binding site at ؊954 with additional contributions from a CRE site at ؊57. The cyclin D1 AP-1 and CRE sites were sufficient for activation by small t antigen when linked to an heterologous promoter. Point mutations of small t antigen between residues 97-103 that reduced PP2A binding were partially defective in the induction of the cyclin D1 promoter. These mutations also reduced activation of MEK1 and two distinct members of the mitogen-activated protein kinase family, the ERKs (extracellular signal regulated kinases) and the SAPKs (stressactivated protein kinases), in transfected cells. Dominant negative mutants of either MEK1, ERK or SEK1, reduced small t-dependent induction of the cyclin D1 promoter. SV40 small t induction of the cyclin D1 promoter involves both the ERK and SAPK pathways that together may contribute to the proliferative and transformation enhancing activity of small t antigen.
The orchestration of orderly G 1 phase progression requires temporally coordinated interactions between the cyclindependent kinases and their substrates, including the tumor suppressor protein pRB (1-3). The abundance of cyclin D1 appears to be rate-limiting in G 1 phase progression in several different cell types containing pRB as evidenced by immunoneutralization and antisense experiments (4) (5) (6) (7) (8) (9) . The capacity of cyclin D1 to promote G 1 phase progression likely relates to its function as the regulatory subunit of a holoenzyme that phosphorylates pRB and the related protein, p107 (1, 10). Cyclin D1 mRNA abundance is increased by the addition of growth factors and by overexpression of p21 ras or p60 src (11, 12) . c-Jun induces the cyclin D1 promoter through an enhancer sequence at Ϫ953 (13) that binds c-Fos and c-Jun proteins (13, 14) . In contrast, cyclin D1 mRNA levels were reduced in cell lines overexpressing c-Fos (15) , and cotransfection of c-Fos expression vectors decreased cyclin D1 promoter activity in transient assays (13) .
The early region of simian virus 40 (SV40) encodes large tumor (T) and the 20-kDa small tumor polypeptide (small t). SV40 small t antigen is required for the efficient transformation of several cell types especially when assayed in growtharrested cells (16) . SV40 infection is capable of stimulating quiescent cells to re-enter the S phase of the cell cycle (17) (18) (19) . In addition, small t promotes G 1 phase progression and S phase entry (20) . The mechanisms by which small t enhances the transformation of resting cells may relate to its ability to stimulate or repress transcription of certain target genes (21) (22) (23) . In addition, through inhibiting phosphatases that may down-regulate a proliferative signal, small t antigen may amplify and sustain normally transient signaling events (24) (25) (26) (27) .
One reported consequence of small t inhibition of PP2A is activation of members of the mitogen-activated protein kinase (MAPK) family (24) . These are serine͞threonine kinases that are induced by a wide variety of signaling pathways and may convey proliferative signals in G 1 (28) . Members of the MAPK family include the p42 ERK and p44 ERK , the p38 kinase (29) , and a family of p54 kinases, the stress-activated protein kinases (SAPKs or Jun kinases) (30, 31) . Activation of MAPKs requires dual phosphorylation on Thr and Tyr residues by MAPK kinases known as MEKs [ERK kinase (MAPKK), or SEK (SAPK kinase)] (28, 32, 33) . Thus, small t antigen may maintain MAPK family members in more active states by preventing dephosphorylation of their Thr residues by PP2A. The activities of p42 ERK and p44 ERK are also down-regulated by dephosphorylation with the dual specificity phosphatase MKP-1 (34) .
MAPKs augment the activity of several transcription factors including the activator protein-1 complex (AP-1, c-Fos͞c-Jun), ATF-2, and members of the ETS transcription factor family. In some cell types, SV40 small t cooperates with ERK to stimulate AP-1 activity (24) (25) (26) . PP2A was also identified as the primary phosphatase dephosphorylating the transcription factor CREB (cAMP-responsive element binding protein) in HepG2 cells (35) , and overexpression of small t augmented CREB's transcriptional activity in HepG2 cells (27) . Although the enhancement of MAPK activity is associated with proliferative processes, target genes induced by small t that are capable of promoting G 1 phase progression have yet to be identified.
In this report, we examined the role of small t antigen in regulating transcriptional activity of the cyclin D1 promoter. Small t activated the cyclin D1 promoter primarily through the c-Jun (AP-1) binding site at Ϫ953 with an additional contribution from a CREB binding site at Ϫ57. Mutation of domains involved in PP2A binding reduced small t activation of the cyclin D1 promoter. Induction of the cyclin D1 promoter by small t antigen through these two enhancer sequences may
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P81 cellulose (Whatman), and then washed with phosphoric acid before scintillation counting. For ERK and JNK1 assays, aliquots of the reactions were diluted to 0.5 ml with water containing 100 g carrier bovine serum albumin, and then precipitated at 4ЊC using 10% (JNK1) or 30% (ERK) trichloroacetic acid. In most experiments, results obtained by acid precipitation were confirmed by analysis of a second aliquot of each reaction on SDS͞polyacrylamide gels, followed by autoradiography to visualize reaction products.
Electrophoretic Mobility-Shift Assays. Electrophoretic mobility-shift assays were performed using nuclear extracts (5-10 g) from JEG-3 cells and binding buffer containing 20 mM Tris⅐Cl (pH 7.8), 100 mM KCl, 1.0 mM EDTA, and 10% glycerol to which 0.5 ng of ␥-32 P-labeled probe and 50 g͞ml poly(dI⅐dC) as competitor (36, 49) . The sequence of the cyclin D1 promoter CR E site oligodeoxyribonucleotides (CD1CREwt) was 5Ј-AAC AAC AGT AAC GTC ACA CGG AC-3Ј and the CD1CREmut sequence was 5Ј-AAC AAC AGT cgC GTC ACc CGG AC-3Ј. The protein-DNA complexes were analyzed by electrophoresis through a 5% polyacrylamide gel, with 0.5 ϫ Tris⅐borate, EDTA buffer (TBE buffer: 0.045 M Tris⅐borate͞0.001 M EDTA). Supershifts were performed with antibodies to c-Jun (KM-1X), ATF-2 (C-19X), c-Fos (K-25X), (Santa Cruz Biotechnology), and to CREB͞ CREM (HM93) (50) . The gels were dried and exposed to XAR5 radiographic film.
Western Blots. The abundance of cyclin D1 protein was determined by Western blotting using the monoclonal cyclin D1 antibody (HD-11; Santa Cruz Biotechnology) and an anti-mouse horseradish peroxidase second antibody (14) . The Enhanced Chemiluminescence system (Amersham) was used to visualize reactive proteins, and densitometry of the autoradiograms was performed using the Bio-Rad MOLECULAR ANALYST software (version 1.01).
RESULTS

SV40
Small t Activates Cyclin D1 Promoter Activity. The effect of SV40 small t on cyclin D1 promoter activity was examined by cotransfection experiments using the Ϫ1745CD1LUC reporter and the SV40 small t expression plasmids (pw2t and CMVt). Induction of the Ϫ1745CD1LUC reporter increased with the amount of transfected expression plasmid (Fig. 1A ). Cyclin D1 reporter activity was induced 6-to 7-fold in JEG-3 cells (Fig. 1 A) . Several native and synthetic promoters were examined to further elucidate the specificity of the SV40 small t-dependent induction of the cyclin D1 promoter. The minimal TK81 promoter and pA 3 LUC were not affected by SV40 small t expression (not shown).
To determine whether SV40 small t was capable of regulating the cyclin D1 promoter in different cell types, transfections were conducted in CV-1 and NIH 3T3 cells. Overexpression of small t activated the cyclin D1 promoter 5-fold in CV-1 cells and 3-to 4-fold in NIH 3T3 cells (Fig. 1B) .
The Cyclin D1 AP-1 Site and CRE Site Are Required for Full Activation by Small t. The regions of the cyclin D1 promoter involved in transcriptional induction by small t were explored using a series of cyclin D1 5Ј promoter constructions transfected in conjunction with either the wild-type SV40 small t vector or the dl888 control ( Fig. 2A) . The induction of cyclin D1 transcription by pw2t was reduced 80% upon deletion from Ϫ964 to Ϫ161 (Fig. 2 A) . A sequence at Ϫ953 resembles the collagenase AP-1 site and was previously shown to convey induction of the cyclin D1 promoter by c-Jun (13) . Sitedirected mutation of the AP-1 site, previously shown to abolish binding of AP-1 proteins in electrophoretic mobility-shift assays (13) , in the context of the Ϫ964-bp promoter fragment (Ϫ964 mtCD1LUC), reduced small t transactivation by 75%. The proximal promoter fragments Ϫ141CD1LUC and Ϫ66CD1LUC, maintained a 2-to 3-fold induction by small t (Fig. 2 A) , whereas the Ϫ22CD1LUC reporter and the plasmid vector pA 3 LUC were not induced significantly by small t compared with the dl888 control. These findings indicated that the additional small t-responsive sequences of the cyclin D1 promoter were located between Ϫ66 and Ϫ22, a region that contains a CRE͞ATF recognition sequence.
To evaluate the ability of small t to affect the cyclin D1 AP-1 and CRE͞ATF site, transient expression studies were performed with synthetic constructions in which these sites were linked to the minimal TK promoter. The CD1(AP-1)TKLUC reporter was induced 4-to 5-fold by small t (Fig. 2B) . The element resembling the E2F site [CD1(E2F)TKLUC], was not induced by small t. The cyclin D1 CRE site at Ϫ57 was sufficient for a 3-fold induction by small t (Fig. 2B) . The synthetic multimeric collagenase A P-1 site reporter, p 3 TPLUX, was also induced 4-fold by small t (Fig. 2B) . Together these studies demonstrate that primarily the AP-1 site but also the CRE͞ATF site of the cyclin D1 promoter convey induction by small t antigen.
The PP2A Binding Domain of Small t Is Required for Full Activation of Cyclin D1 Expression. To determine the domains of small t required for activation of the cyclin D1 promoter, a series of plasmids expressing either wild-type or mutant small t proteins was examined in conjunction with the Ϫ1745CD-LUC reporter in JEG-3 cells (Fig. 3) . Previous studies demonstrated that site-directed mutagenesis of small t amino acids 97 (pw2tC97S) and 103 (pw2tC103S) or 101 (pw2tP101A) impaired the binding of small t to PP2A (38) without affecting the stability of small t protein. Transactivation of the adenovirus E2 promoter was not affected by mutations in the 97-103 region, but was eliminated by a double mutation in another region of small t, P43L͞K45N. Mutation of amino acids in the 97-103 PP2A binding region reduced small t transactivation of the cyclin D1 promoter by 50-60% in JEG-3 cells (Fig. 3A) . Mutations at amino acids 43 and 45 (pw2tP43L͞K45N) resulted in a slight enhancement of cyclin D1 promoter activity compared with the wild type (Fig. 3A) .
Findings with transient transcription assays were reflected in levels of endogenous cyclin D1 in transfected cells. Cells transfected with pw2t had elevated levels of cyclin D1 (Fig. 3A  Inset) . These levels under represent effects of small t antigen. Although transfection efficiencies reach up to 40% in JEG-3 cells, there is a significant number of untransfected cells in these experiments. Less cyclin D1 was present in cells transfected by pw2tC103S, suggesting that the increase in cyclin D1 protein levels required, at least in part, the inhibition of PP2A. In separate transfections, the mean induction of cyclin D1 protein in JEG-3 cells transfected with wild-type small t was 1.9-fold greater than in cells transfected with the pw2tC103S mutant (n ϭ 5) (data not shown). It had been shown previously that overexpression of ERK induced the cyclin D1 promoter 3-to 4-fold in JEG-3 cells (13) . As an additional assay of PP2A inhibition by small t, the wild-type and pw2tP101A expression vectors were transfected with the cyclin D1 promoter in the presence of the expression vector for p42 ERK (Fig. 3B) . The wild type but not the mutant small t antigen augmented transactivation of the cyclin D1 promoter by p42 ERK (Fig. 3B) , consistent with the prediction that small t would increase ERK activity through inhibition of PP2A.
Kinase Activities in Small t Transfected Cells. Previous studies in monkey kidney CV-1 cells suggested that small t antigen could activate ERK and MEK, most likely by inhibition of PP2A (24) . Similarly, levels of ERK and MEK were examined in JEG-3 cells that were transfected with wild-type or mutant small t expression plasmids for 48 hr. As shown in Fig. 4A , ERK activity was induced 5-fold by small t antigen, an effect that was eliminated by a mutation in the PP2A binding region, pw2tC103S, but not by mutation of residues 43 and 45. Similarly, MEK1 activity was increased 3-fold by small t antigen in a PP2A-dependent fashion (Fig. 4B) . Because activation of the cyclin D1 promoter by small t occurred mainly through an AP-1 site, JNK1 activity was also studied. Small t stimulated JNK1 activity (Fig. 4C ) and SAPK activity 2.5-fold (not shown), and this stimulation was decreased by the pw2tC103S mutation.
Small t Induction of the Cyclin D1 Promoter Requires MEK, ERK, and SAPK Pathways. As MEK activity was induced in small t-transfected JEG-3 cells, experiments were conducted to determine whether MEK was required for full induction of the cyclin D1 promoter by the small t antigen. The catalytically active MEK mutants MEK⌬N3 and MEK⌬N3͞S218E͞S222D (44) induced both the p 3 TPLUX and the Ϫ1745 CD1LUC reporters 4-to 5-fold (Fig. 5A) . Small t-dependent induction of the cyclin D1 promoter was reduced 30% by overexpression of the dominant negative MEK expression vector, MEKC (Fig.  5B) , 40% by the dominant negative ERK expression plasmid (MAPKi), and 60% by the addition of the MEK and ERK inhibitor PD098059 (20 M) (51) (Fig. 5B) . Overexpression of the dominant negative SEK expression vectors, SEK1KR, and SEK1AL (45, 46) , reduced small t induced promoter activity by 30%, indicating that both ERK and SEK pathways contribute to the induction of the cyclin D1 promoter by small t antigen. Overexpression of the dual specificity phosphatase MKP-1 reduced small t induced cyclin D1 promoter activity 90% (Fig. 5B) .
c-Jun and CREB Transactivation Functions Are Induced by Small t. The transient expression studies indicated that both the AP-1 site and a CRE͞ATF site contributed to the full induction of the cyclin D1 promoter by small t antigen. Direct effects of small t on c-Jun activity were studied because it was known that c-Jun was one of the proteins that bound the cyclin D1 AP-1 site (13) and that small t could increase JNK1 activity in transfected cells. As shown in Fig. 6A , small t induced c-Jun activity, as studied using a construct that expressed a chimeric GAL4-c-Jun protein and a reporter gene that contained GAL4 binding sites (Fig. 6A) . Small t had no effect on the (UAS) 5 E1BTATALUC reporter.
The cyclin D1 CRE site was found to bind a JEG-3 cell nuclear complex that was supershifted with antibody to CREB͞CREM protein but not with antibody to c-Fos, c-Jun, or ATF-2 (Fig. 6B Inset) . Accordingly, the effect of small t on CREB transactivation function was examined, using a GAL4-CREB fusion protein and a GAL4 responsive reporter plasmid. Like a wild-type PKA catalytic subunit, small t induced activity of CREB-GAL4 protein (Fig. 6 B and C) . It is interesting to note that small t augmented the PKA catalytic subunit activation of CREB-GAL4.
DISCUSSION
The ability of SV40 infection to stimulate quiescent cells to reenter the cell cycle has been known for some time (17) (18) (19) . The SV40 small t antigen is also known to stimulate cell-cycle progression (17, 19, 20) . In nonpermissive infection of murine cells (18) and in permissive infection of monkey cells (20) , small t antigen promotes G 1 phase progression. In semipermissive human cells, small t is required for the induction of focus formation (52) . As recent studies demonstrated that small t antigen may induce cyclin A expression (53), small t antigen appears to induce several components of the G 1 and S phase cell-cycle regulatory apparatus. Our studies strongly implicate the inhibition of PP2A and both an AP-1 site at Ϫ953 and a CRE site at Ϫ57 for full activation of cyclin D1 transcription by SV40 small t.
The ability of small t antigen to transactivate promoters in transient transfections has been described previously, primarily using the adenovirus E2A promoter (AdE2A) as a model (22) . As with cyclin D1, an ATF͞CRE site in the AdE2A   FIG. 4 . SV40 small t stimulates ERK, MEK, and JNK activity in JEG-3 cells. JEG-3 cells were transfected with a plasmid that expressed wild-type small t antigen (pw2t), a small t mutant with reduced PP2A binding (t103), a small t mutant that does not affect PP2A binding (t4345), or no small t antigen (dl888). Cells were extracted 48 hr after transfection and kinase assays were done on immunoprecipitates obtained with antibodies against ERK (A), MEK1 (B), or JNK1 (C). Incorporation of [␥-32 P] into substrates myelin basic protein (A), kinase-inactive ERK (B), and GST c-Jun (C) was quantitated by acid precipitation and liquid scintillation counting as described. The data are expressed as a ratio between small t-induced kinase activity and that of the dl888 negative control. promoter was involved in small t responsiveness. Deletion of the ATF͞CRE site did not eliminate small t transactivation; however, the overall response to small t was significantly reduced in magnitude. In contrast, deletion of the two E2F sites in the E2A promoter eliminated transactivation by small t antigen (21) , whereas the E2F site in the cyclin D1 promoter was not necessary in this study. In addition, the transactivation of E2A did not require the inhibition of PP2A by small t antigen and was eliminated in small t that carried double mutations at residues 43 and 45 (38) . The same mutations had no effect on transactivation of the cyclin D1 promoter.
Point mutations in the 97-103 PP2A binding region of small t reduced the ability of small t to transactivate the cyclin D1 promoter in JEG-3 cells. Consistent with earlier studies in CV-1 cells, inhibition of PP2A by small t also correlated with reduced ability of the mutant proteins to increase activities of MAPK family members in transfected JEG-3 cells. Direct evidence for a role for MAPK family members in transcriptional activation of cyclin D1 was obtained by transfection of p42 ERK . Small t augmented the transcriptional activation by p42 ERK , an effect that was also dependent on PP2A inhibition. In addition, constructs that expressed dominant-negative forms of several of the MAPKs reduced small t activation of the cyclin D1 promoter.
A new finding of the current study is the activation of JNK1 by small t antigen. As with the induction of MEK and ERK, the induction of JNK required the PP2A binding domains of small t. Dominant-negative SEK constructs reduced activation of cyclin D1 promoter activity by small t. The combined activities of SAPK (JNK) and of MEK͞ERK would be likely to increase cellular AP-1 activity through phosphorylation of c-Jun (31, 54) , a factor known to bind the cyclin D1 AP-1 site (13) . In fact, mutation of the AP-1 site at Ϫ953 dramatically reduced transactivation by small t, and, in these studies, small t induced both the collagenase and cyclin D1 AP-1 sites in heterologous constructs. In our studies, c-Jun transactivation function, as assessed by GAL4 heterologous reporter assays, was induced by small t, suggesting that a component of small t-dependent induction of the cyclin D1 promoter may be mediated by this mechanism. Activation of AP-1 by small t supports a previous report that small t could induce a synthetic AP-1 reporter in microinjected REF52 and CV-1 cells in a PP2A-dependent fashion (25) . In contrast, small t inhibited AP-1 activity in transfected CV-1P cells (23) , raising the possibility that there are cell-type specific differences in intracellular signaling by small t antigen.
Induction of cyclin D1 promoter activity was not totally eliminated by mutation of the AP-1 site and residual activity correlated with the presence of the CRE site at Ϫ57. Additional evidence for the involvement of the CRE site include the induction by small t of the cyclin D1 CRE site when linked to the minimal TK promoter and the induction of CREB transactivation function by small t. Although not formally shown, it is likely that the effect of small t on CREB, as on AP-1, is via the inhibition of PP2A.
Although increased MEK and ERK activity appear to contribute significantly to the induction of cyclin D1 promoter activity, small t mutants defective in PP2A binding maintained residual activation of the promoter. Interestingly, sequences in the amino-terminal region of small t are involved in transactivation of the AdE2A and cyclin A genes (38, 53) , as well as the repression of c-fos transcription (23) . The amino-terminal region is shared by small t and the viral transforming protein large T, raising the question of individual effects of the two viral proteins on transcription of cellular target genes. It has been suggested that the expression of SV40 large T, like the adenovirus E1A protein, may reduce cyclin D1 levels by binding the Rb protein, a positive regulator of cyclin D1 transcription (55) . Such down-regulation of cyclin D1 by T antigen may occur at late times in the course of an infection, a period when cyclin D1 expression would no longer be necessary or advantageous. At early times, cyclin D1 expression would stimulate progression of infected cells through G 1 , a process known to be enhanced by small t (18, 20) . It is also interesting to note that the shared domain of T͞t has functional similarity to the amino terminal domain of E1A which has transcriptional regulatory activities as well. In genetic complementation studies, this region of T͞t could provide function to amino terminal mutants of E1A (56, 57) .
It was also intriguing that the activation of the cyclin D1 promoter by small t was reduced by MKP-1. MKP-1 is encoded by the mitogen-inducible gene 3CH134 and inactivates p42 ERK and p44 ERK by dephosphorylating both phosphothreonine and phosphotyrosine regulatory sites (58) . Microinjection of MKP-1 blocked S phase entry induced by ERKs (34) . Our studies indicate that MKP-1 may have an important effect in regulating transcriptional activity of the cyclin D1 gene. It will be of interest to determine whether a reduction in cyclin D1 expression by MKP-1 contributes to the cell-cycle inhibitory effect of this phosphatase (34). 
